Hydroxyapatite -carbon nanotube (HA-CNT) composites have the potential for improved mechanical properties over HA for use in bone graft applications. Finding an appropriate sintering atmosphere for this composite presents a dilemma, as HA requires water in the sintering atmosphere to remain phase pure and well hydroxylated, yet CNTs oxidize at the high temperatures required for sintering. The purpose of this study was to optimize the atmosphere for sintering these composites. While the reaction between carbon and water to form carbon monoxide and hydrogen at high temperatures (known as the 'water -gas reaction') would seem to present a problem for sintering these composites, Le Chatelier's principle suggests this reaction can be suppressed by increasing the concentration of carbon monoxide and hydrogen relative to the concentration of carbon and water, so as to retain the CNTs and keep the HA's structure intact. Eight sintering atmospheres were investigated, including standard atmospheres (such as air and wet Ar), as well as atmospheres based on the water -gas reaction. It was found that sintering in an atmosphere of carbon monoxide and hydrogen, with a small amount of water added, resulted in an optimal combination of phase purity, hydroxylation, CNT retention and density.
INTRODUCTION
Hydroxyapatite (HA; Ca 10 (PO 4 ) 6 (OH) 2 ) has been investigated widely as a bone replacement material owing to its bioactivity, which stems from its chemical similarity to the mineral component of bone. While HA promotes bone growth along its surface, its mechanical properties, particularly strength and toughness, are relatively poor (Hench 1991) . Carbon nanotubes (CNTs), as one of the strongest and stiffest materials available, have the potential to strengthen and toughen HA, thus expanding the range of clinical uses for the material. However, challenges arise when trying to combine these two materials (White et al. 2007) .
Perhaps, the greatest obstacle to the successful production of HA -CNT composites is the choice of appropriate sintering conditions. This is particularly the case for pressureless sintering, when the sintering atmosphere is key, as it must enable the composite to retain the CNTs and maintain HA's stoichiometry and structure at the high temperatures required for full densification. Without water present in the atmosphere, HA tends to lose its hydroxyl (OH) groups, and may decompose to tricalcium phosphate (TCP) and tetracalcium phosphate (TTCP). For use in biological applications, it is important to prevent the dehydroxylation and decomposition of HA, as different calcium phosphate phases have different biological properties. In vitro studies have found that HA is less soluble than other calcium phosphate phases Dorozhkin 2009) , and a-and b-TCP have been found to resorb faster in vivo than HA (Keller & Triplett 1987) . However, since water can react with CNTs to produce H 2 and CO, retaining the HA structure may mean oxidizing the CNTs.
While hot pressing or hot isostatic pressing may largely circumvent this problem, by applying enough pressure to prevent oxidizing reactions and dehydroxylation, the processing is more complex and expensive compared with pressureless sintering (deGroot et al. 1990 ). These techniques have been used with HA-CNT composites in the past with some success (Zhao & Gao 2004; Kealley et al. 2006; Meng et al. 2008) . Spark plasma sintering, with its extremely high sintering rates and applied pressure, is another alternative, which has been previously investigated (Xu et al. 2009 ), yet it is geometrically limited and the equipment is expensive (Nygren & Shen 2004) . The goal of this study was to investigate atmospheres for use in pressureless sintering that might allow retention of both CNTs and HA's phase purity and OH groups, while providing enough densification for improved mechanical properties over HA alone.
BACKGROUND
To understand how to design an atmosphere that might allow the retention of both CNTs and OH groups, the competing reactions of CNT oxidation and HA dehydroxylation and decomposition must first be examined.
CNT oxidation
CNTs may be oxidized by a number of reactions in the type of atmospheres that are standard for HA sintering, such as air and moist Ar or N 2 , and at the temperatures required for full densification (usually 1200 -13008C Our studies using thermogravimetric analysis (TGA) have shown that oxidation in air begins at 550-6008C for the CNTs used in this study (discussed in §4.2). This reaction tends to occur quickly and over a narrow temperature range. The reaction rate between CNTs and water tends to be slower, but depending on the rate of porosity closure of the composite material compared with CNT consumption, all the CNTs in a composite might easily be consumed by water during sintering in a moist atmosphere.
HA dehydroxylation and decomposition
Dehydroxylation of HA begins at temperatures as low as 9008C in air and 8508C in a water-free atmosphere (Wang & Chaki 1993) . When OH groups are removed from the HA structure, two OHs combine to form one molecule of water, leaving one oxygen atom in the lattice:
ð2:4Þ
When HA begins to dehydroxylate, it forms oxyhydroxyapatite (OHA), which has a similar crystal structure to HA, but contains vacancies. A completely dehydroxylated HA that has not yet decomposed is called oxyapatite (OA; Ca 10 (PO 4 ) 6 O). Trombe & Montel (1978) were the first to demonstrate the existence of OA and OHA and to characterize them. OHA forms according to
where V x is a hydrogen vacancy. In a moist atmosphere (in which water is explicitly added), it should be possible to sinter HA up to a temperature of 13008C without dehydroxylation or decomposition (Wang & Chaki 1993 ). This temperature is based on experimental results by Wang & Chaki and is a typical value reported in the literature when gas is bubbled through water at room temperature ( partial pressure of water ¼ 17.5 mm Hg). However, in theory, it should be possible to sinter HA with a Ca/P ratio of precisely 1.67 to temperatures up to 14758C before decomposition begins, provided that the partial pressure of water in the sintering atmosphere is 500 mm Hg (deGroot et al. 1990 ). In the case of 'pressureless' sintering, assuming atmospheric pressure of 760 mm Hg, achieving this partial pressure of water means bubbling through water very close to boiling. If HA becomes completely dehydroxylated during sintering, forming OA, its crystal structure changes, as OA is not a stable phase. Two outcomes are stoichiometrically possible: OA may decompose to a mixture of TTCP and TCP (b-TCP at temperatures below approx. 12008C and a-TCP at higher temperatures), or it may decompose to a mixture of TCP and CaO by the following reactions:
ð2:6Þ and Ca 10 ðPO 4 Þ 6 O ! 3Ca 3 ðPO 4 Þ 2 þ CaO: ð2:7Þ
Small deviations in the Ca/P ratio of the starting material also can result in the formation of these secondary phases. The phase diagram in figure 1 outlines the possible calcium phosphate phases at various temperatures and compositions for the CaO -P 2 O 5 system. Temperatures T 1 and T 2 in the phase diagram will depend on the partial pressure of water in the system. If the partial pressure is 500 mm Hg, then T 1 and T 2 will be 13608C and 14758C, respectively. If the partial pressure of water is less, then T 1 and T 2 will be lowered, potentially substantially. If no water is present, HA cannot form at all, and so the material will be a mixture of TCP þ TTCP for all sintering temperatures. S530 Sintering HA-CNT composites A. A. White et al.
Experimentally, when considering a compacted tablet that is densifying as these reactions proceed, the material may easily be a mixture of HA, OHA, TCP and TTCP, for example, at a given time. Diffusion of water into and out of the tablet will be slowed by densification and eventually prevented altogether when porosity has been eliminated. Thus, different regions of the tablet may have very localized atmospheres with varying amounts of water. An additional concern with HA-CNT composites is that since CNTs oxidize at temperatures above approximately 6008C, the choice becomes either losing the CNTs or dehydroxylating the HA. Even in dry atmospheres, dehydroxylation produces water (see equation (2.4)), which can then react with the CNTs.
Role of the water -gas reaction
Faced with the either the loss of CNTs or the decomposition of HA when using standard atmospheres, alternatives should be considered. One possibility lies in the reaction between CNTs and water:
This reaction is more commonly known as the 'water -gas reaction' from its industrial origins in creating a cooking and heating gas by pouring water over hot coals. While this reaction normally proceeds in the forward direction at high temperatures, Le Chatelier's principle offers the possibility of shifting the equilibrium of the reaction if the concentration of the products is increased, thus potentially retaining carbon (the CNTs) and the water needed to keep HA's OH groups:
To better understand the thermodynamics of the reaction and how it may be possible at a given temperature to preserve the OH groups and the CNTs, the equilibrium constant (K eq ) can be plotted against temperature. Figure 2 shows that the equilibrium constant is positive and increases exponentially at temperatures higher than 6748C. Using the value of K eq at 12008C (a typical sintering temperature for HA), calculation reveals that the partial pressures of CO and H 2 at this temperature are 0.4997 atm (379.8 mm Hg) and the partial pressure of water is a very minimal 6 Â 10 24 atm (0.456 mm Hg). While the partial pressure of water at this temperature is virtually zero, and thus would not significantly reduce dehydroxylation, it should be kept in mind that these are theoretical values based on the system being in equilibrium, which may be far from reality experimentally. Based on the possibility of using this reaction to reduce CNT oxidation and HA dehydroxylation, some sintering atmospheres were chosen with this reaction in mind.
MATERIAL AND METHODS

Material synthesis and processing
All materials were synthesized in house. Multi-walled CNTs (MWNTs; diameter range 20 -120 nm; d avg ¼ 60 nm; aspect ratio ¼ greater than 10 2 ) were grown by chemical vapour deposition. A 4-wt% solution of ferrocene (98% -Sigma Aldrich) in toluene (99.5 þ % -Sigma Aldrich) was prepared and injected into the first stage of a tube furnace, maintained at 1808C, at a rate of 5.6 ml h 21 for 4 h. The vaporized reactants were carried by an Ar gas flow of 2.4 l min 21 to the second stage of the furnace, maintained at 7608C, where ferrocene decomposed to form the iron catalyst and subsequent MWNT growth occurred directly on the quartz reaction tube.
To encourage interaction between the HA and MWNTs and to improve the dispersion of the MWNTs, they were acid treated to functionalize the ends and wall defects. The MWNTs were ultrasonicated in a 3 : 1 volume ratio of sulphuric (95 þ % -Fisher Scientific) to nitric acid (70% assay, Fisher Scientific) for 12 h at approximately 308C. They were then filtered and washed with deionized water until the pH of the filtered solution was 7. The MWNTs were then dried at 1208C overnight.
Composite materials were made by an in situ precipitation method, wherein the MWNTs were added to the solution as the HA was forming from a precipitation reaction between calcium hydroxide and orthophosphoric acid. The MWNTs were first dispersed in deionized water by a combination of agitation on a vibrating table and ultrasonication before 5 wt% (relative to the expected mass of HA) was added to a 0.5 M aqueous Ca(OH) 2 (98.0 þ % purity, Acros Organics) solution. Over a period of 4 h at room temperature, a 0.3 M aqueous solution of H 3 PO 4 (85% assay, Acros Organics) was added, drop-wise, to the calcium hydroxide solution containing MWNTs. The resulting precipitate was aged overnight, filtered, then shear mixed for 15 min to achieve a more homogeneous mixture of HA and MWNTs under viscous conditions, before drying overnight at 808C.
The dried material was ground, dry milled for 48 h, then sieved to eliminate particles larger than 75 mm. Tablets 13 mm in diameter and 0.8 g mass were prepared by uniaxially pressing the powder at 80 MPa to achieve green densities of 43.5 + 1.5% theoretical density (TD) (relative to a density of 3.10 g cm 23 , calculated by rule Sintering HA-CNT composites A. A. White et al. S531 of mixtures using 3.16 g cm 23 as density of HA and 2.00 g cm 23 as density of MWNTs). A suspension of magnesium stearate in ethanol was used as a lubricant.
Green material characterization
The green powders were characterized to determine particle size, specific surface area and loading of MWNTs after processing. The distribution of powder particle sizes was measured using a Mastersizer 2000 (Malvern Instruments) and averaging three measurements for each sample. The specific surface area was measured by the BET method using a Micromeritics Tristar 3000. Eight partial pressures were taken and used to calculate the surface area after degassing the samples in N 2 at 1808C for at least 2 h. The loading of CNTs post-processing and postsintering was determined by dissolving the HA from the composite with 2 M hydrochloric acid, leaving just the MWNTs. The HCl solution containing MWNTs was filtered through a PTFE filter (0.2 mm pore size), and the mass of the filter before and after filtration was compared with determine the loading of MWNTs in the composite. The method was tested on HA and on MWNTs alone to ensure the accuracy of the technique.
Heat treatments
The behaviour of the material sintered in standard atmospheres was investigated in the first instance by TGA using a TA Instruments TGA Q500 (for samples up to 10008C) and a TA Instruments SDT Q600 (for samples up to 12008C). The specific atmosphere and the heating and cooling profiles are indicated with the presentation of results for each sample.
For the more in-depth study, eight sintering atmospheres were investigated, including standard atmospheres (air, wet Ar, etc.) and atmospheres based on the water-gas reaction. Four tablets of 0.8 g each were sintered for each experiment at 12008C for 2 h with a heating and cooling rate of 58C min
21
. Descriptions and detailed methods for each atmosphere are shown in table 1. All experiments were carried out at ambient pressure in a tube furnace (unless otherwise noted).
Sintered material characterization
The sintered tablets were characterized to evaluate their phase purity, CNT loss during heat treatment, per cent TD, level of hydroxylation and appearance. Phase purity was determined by X-ray diffraction (XRD) with a Bruker D8 Gen 10 using Cu Ka radiation (40 kV, 40 mA, 0.58 divergence slit and 0.58 antiscatter slit). The data were recorded using a step size of 0.018 and a 0.02 s dwell time. Measured diffraction patterns were compared with powder diffraction files from the JCPDS database. The relative amounts of each phase were determined using the semi-quantitative feature of the X'Pert Highscore Plus software (PANalytical, the Netherlands, v.2.2b). The percentage of CNTs lost during the heat treatment was determined using the method outlined in §3.2. The percentage of TD of the samples was determined using the mass and dimensions of the tablets relative to the TD of the tablet (as calculated from the rule of mixtures, using a CNT density of 2 g cm 23 and using a weighted average of the densities of the calcium phosphate phases present). Fourier transform infrared spectroscopy (FTIR) was used to determine the level of hydroxylation in the samples. KBr pellets were prepared with approximately 200 mg of KBr and 2 mg sample, taken from a ground, sintered tablet. A Bruker Optik Tensor 27 spectrometer was used at a resolution of 4 cm 21 , covering the wavenumber range of 4000-400 cm 21 in absorbance mode. The appearance of the tablets was also noted before and after sintering for changes in colour and uniformity of colour.
Materials were also examined with electron microscopy. Scanning electron microscopy (SEM) was performed using a JEOL 6340 FEG SEM with an acceleration voltage of 5 kV on platinum-coated samples (in the case of composites). Transmission electron microscopy (TEM) was performed using a JEOL 200CX TEM with an acceleration voltage of 200 kV.
RESULTS AND DISCUSSION
Green material characteristics
The composite powder was found to have a CNT loading of 3.5 + 0.3 wt% after processing. This loading was significantly lower than the 5 wt% added to the Ca(OH) 2 solution initially, as a higher concentration of CNTs remained in the larger powder particles, which were discarded during processing. The powder particles were found to have a bimodal distribution of sizes, with an average diameter of 25 + 3 mm. The S532 Sintering HA-CNT composites A. A. White et al.
powder's surface area was 85 + 4 m 2 g 21 , and it was medium grey in colour. SEM showed that the CNTs were well dispersed in the HA matrix (figure 3).
Behaviour in standard atmospheres
as shown by TGA
The vast majority of publications involving HA sintering have used either air or an inert gas (such as nitrogen or argon) bubbled through water as the sintering atmosphere. Despite evidence that HA dehydroxylates and decomposes without the presence of water, some studies have used dry inert atmospheres to sinter HA composites in order to prevent reactions with the secondary phases (Li et al. 2007 ).
The mass -temperature profiles of HA and HA-CNT composite are shown for a dry Ar atmosphere in figure 4 . Generally, the shape of the two curves was similar, with two distinct regions of mass loss during heating-one between room temperature and about 5008C and the second from about 700 -12008C. The first mass loss can be attributed to adsorbed water, while the second can be attributed to dehydroxylation in the case of HA (Liao et al. 1999; Wang et al. 2004) . For the composite, the second region of mass loss is due to both dehydroxylation and possibly some degree of CNT oxidation from water produced by the dehydroxylation process. During cooling, a slight increase in mass was observed. Despite the experiment being carried in dry Ar, this may still be due to rehydroxylation, as weight gain owing to rehydroxylation during cooling has been observed even in vacuum (Trombe & Montel 1978) . These phenomena were observed in the comprehensive atmosphere study discussed in the next section, and will be described in more detail. Figure 5 compares the behaviour of HA and composite materials in several atmospheres up to 10008C. The oxidation of CNTs alone is also shown as a reference to demonstrate the temperature range over which CNTs oxidize in air. All of the samples showed a nearly identical rate of weight loss up to 5008C. Above this temperature, the different atmospheres resulted in markedly different behaviour. The profiles for HA in air and dry nitrogen were nearly identical until 8008C.
Above this temperature, the HA in air gained a slight amount of mass, whereas the HA in nitrogen lost a small amount of mass. It is not clear, why the HA in air would have gained mass, as the air contained negligible water, but the HA in dry nitrogen may have lost weight owing to some dehydroxylation.
The graph also compares two atmospheres for the composites-air and nitrogen bubbled through water at room temperature. Between 5208C and 7108C the composite in air lost 5.5 per cent of its mass, which is approximately equal to the loading of CNTs (unprocessed powder, expected to contain approx. 5 wt% CNTs was used). While this mass loss began at the same temperature as the mass loss in the CNT sample, the mass loss ended at a temperature approximately 358C higher than the CNTs alone, possibly because the addition of HA slows the rate of oxidation. Above 7108C, the composite material in air experienced a gradual, additional weight loss of 0.4 per cent, possibly owing to partial dehydroxylation. The profile of the composite in wet nitrogen was quite different. This sample did not experience any significant weight loss past 5008C until nearly 7008C, and, most importantly, it should be noted that oxidation of CNTs occurred at a temperature nearly 1508C higher in wet nitrogen than in air. The total mass loss between 6008C and 10008C was 4.3 per cent. Thus, a smaller percentage of CNTs was oxidized by wet nitrogen than by air. Table 2 shows the results of the characterization of composite material sintered in the eight atmospheres described in table 1. Three atmospheres (A, H, CO) resulted in decomposition of the material, as shown in XRD (see electronic supplementary material). According to the phase diagram shown in figure 1, TTCP þ a-TCP can result either when the sintering temperature is extremely high, with or without water in the atmosphere, or at lower sintering temperatures, such as 12008C, when very little water is present. The combination of HA þ TTCP þ CaO would then seem to result from either localized differences in the partial pressure of water or an incomplete phase transition with a material which has a Ca/P ratio of less than 1.67. By examining FTIR data, the level of hydroxylation can be determined. In . What this calculation did not take into account was the amount of OHA that might have been in a sample. It is difficult to determine a theoretical value for each sample, as a quantitative extent of dehydroxylation was not determined, nor were adjusted lattice parameters for each sample measured. It is presumed that the % TD for dehydroxylated samples should be marginally higher than the reported value. An additional compounding factor in calculating the % TD is that the XRD measurements were taken near the surface of the sample; however, the phase composition may change in the interior of the sample.
Comprehensive atmosphere study
CNT loss varied considerably, from 40 per cent in Ar to 97 per cent in air. The presence of CNTs after sintering was verified by examining in SEM and TEM material left on the filter when the CNT loading measurements were made on a CO/H/W(ice) sample. Figure 6 shows an (b) SEM and (c) TEM micrograph of the material, with CNTs which have not undergone heat treatment (a) for comparison. While the material still retained the basic CNT shape, the CNTs appeared to be damaged, relatively short, and many were unrolled.
The data were also analysed to determine whether there was any correlation between the final CNT loading and the final density of the samples. In previous studies, CNTs have been shown to prevent full densification of ceramics, particularly when pressure is not used to sinter (Peigney 2003) . Figure 7 shows a graph of CNT loading versus final density, using data points from table 2. The data show a loose trend, with higher density values tending to correspond to low CNT loadings and lower density values tending to correspond to higher CNT loadings.
The appearance of the tablets was also found to depend on the atmosphere in which they were sintered. While all samples began as very dark grey in colour before sintering, the colour of the sintered materials ranged from black to very light in colour. As expected, the samples sintered in air, which contained virtually no CNTs after sintering, were a very light colour, although rather than white they were a very pale blue, which can be attributed to manganese impurities in the starting materials (Yubao et al. 1993) . To a certain extent, the degree of greyness of the samples correlated with the loading of CNTs. Samples described as 'black' or 'dark grey' had relatively high loadings, whereas samples described as 'medium grey' or 'pale grey' had relatively low loadings. However, it was misleading that most of the samples seemed relatively dark in colour compared with their unsintered counterparts. A sample which contained only about 1 wt% CNTs following sintering might still appear as dark in colour as a unsintered sample with 3.5 wt% CNTs, at first suggesting that the CNT loading should be much higher than the measured value of 0.5 wt%. However, an apparent darkening in colour is likely also attributable to a higher density. In addition to the general colour of the tablet, it was noted that some tablets had coatings or layers on the outside that were lighter in colour than the interior of the tablets. This would suggest that the outer layers had a lower loading of CNTs than the interior. In table 2, a 'coating' refers to a very small amount of a lighter colour (less than 0.1 mm), whereas a 'layer' refers to a thicker amount (greater than 0.1 mm). In the case of A/W, the layer was particularly pronounced and white in colour, suggesting virtually no CNTs were present in those areas. Figure 8 shows a tablet of uniform colour and one with a white layer. As the CNT content and porosity varied along the thickness of the tablets with lighter layers, these samples might also present mechanical deficiencies.
SEM micrographs of the surface and cross section of a sintered tablet revealed further information. Figure 9a shows long, thin holes on the top surface of the composite tablet, which are about the right size and shape to be artefacts from oxidized CNTs. No CNTs were observed on the surface. The cross-section image (figure 9b) shows the interface of the black and white regions. In the black region, CNTs can still be seen, while in the white region, there appear to be no CNTs. Also of note is that the black region seems much more porous than the white region. In the white region, necking between particles is observed, while in the black region, it appears that sintering has not yet begun. This supports earlier observations that composites with more CNTs tend to be more porous. 
Explanation of CNT loss
At high temperatures, CNT loss or damage in an HA-CNT composite can originate from two sourcesoxidation by reactive species in the sintering atmosphere and oxidation by water formed during dehydroxylation of the HA. When considering the atmospheres tested in this study, reactive species were present in the sintering atmosphere owing to impurities in the gases (with the obvious exception of air) and water added to the atmosphere. The amount that each of these components may contribute to CNT loss can be calculated, although there are many assumptions made and sources of error in the calculations that may not result in an entirely accurate explanation of CNT loss. Nonetheless, the calculations can provide useful insight, which can partially explain CNT loss for different atmospheres. Full details of these calculations are available in the electronic supplementary material.
To give an idea of how much CNT oxidation owing to gas impurities and dehydroxylation could be explained by calculations, table 3 lists the predicted values of CNT loss for each heat treatment experiment. The right-most column lists the difference between the observed CNT loss and the calculation, where a negative value indicates an overestimate of CNT loss. Note that the oxidation from added water vapour is not included in the table calculations.
As the right-most column shows, these calculations only partially account for CNT loss. A few atmospheres are more straightforward than others, in this respect. The air atmosphere is the most basic, as the CO 2 and O 2 in the air in the furnace are easily enough to oxidize all the CNTs in the samples. Ar should be the next most straightforward, as it does not involve any added water and contains only inert gas and its impurities. As the material sintered in Ar was found to have decomposed and, thus, to have dehydroxylated, the full oxidation contribution from dehydroxylation can be expected to be fairly accurate, and, as the table shows, adding the contribution from gas impurities and dehydroxylation explains the CNT loss within a reasonable amount of error.
The explanation of results for the other dry atmospheres (H, CO and CO/H) may be slightly more complicated, as they involve CO and/or H 2 , which play a role in the water -gas reaction. The calculation for H matches the experimental value very well. The CO calculation, on the other hand, overestimated the CNT loss compared with the experimental value. As the sintered material had decomposed, it seems likely that the dehydroxylation component fully contributed to oxidation. The impurity component could be an overestimate, however, as at some point some degree of closed porosity should have formed (despite the somewhat low sintered density of the composites), making access to the CNTs more difficult. The amount by which the CNT loss is overestimated by calculation is equal to approximately half the value for the impurity calculation, suggesting that gas access to the CNTs could have become much more difficult during the dwell at 12008C, which is when porosity closure should be at its peak. Indeed, it may be that the impurity component is overestimated in all cases, but Ar and H 2 have such small amounts of impurities (0.002% and 0.0004%, respectively) relative to CO (0.2%) that the overestimate is not noticeable.
For CO/H, again the calculation overestimates the CNT loss, and by approximately the same amount as for CO. Thus, it could be that the impurity value is once again an overestimation. However, XRD and FTIR showed that the end material was well-hydroxylated HA, thus bringing into question if any oxidation occurred owing to dehydroxylation. If the system was in thermodynamic equilibrium, then a small amount of water would have been present at all temperatures, thus suppressing dehydroxylation. However, the partial pressure of water in this system at equilibrium would be extremely low by 12008C (0.11 mm Hg), suggesting a large amount of dehydroxylation would occur. CO/H differs from H and CO in that it contains both CO and H 2 . While Le Chatelier's principle suggests that an increase in either or both species on one side of an equation will shift the equilibrium towards the opposite side (in this case, either CO or H 2 or the combination might suppress dehydroxylation and the reaction of CNTs with water), figure 10 shows that the thermodynamic situation is a bit more complex. Figure 10 plots the variation of the partial pressures of the gases involved in the water -gas reaction with temperature. As temperature increases, the partial pressure of water tends to decrease. As the temperature decreases during the cooling stage, more water will be present in the system. If the material is dehydroxylated by the end of the dwell at 12008C, then CO and H 2 will tend to react to provide the necessary amount of water to fulfil thermodynamic equilibrium, and this water could serve to rehydroxylate the material during the cooling stage. However, in the case of an atmosphere of only CO or H 2 , while the heating stage may be similar to an atmosphere of CO þH 2 , the cooling stage will be different. If the material dehydroxylated and the resulting water either reacted with the CNTs or was carried away by the flowing gas, then during cooling, only one of the two components necessary to form more water would be present, and therefore the material cannot be rehydroxylated. This would result in either S536 Sintering HA-CNT composites A. A. White et al.
a dehydroxylated or decomposed material, as was the result for H and CO. With CO/H, on the other hand, as both components necessary to make additional water were present, then the resulting material was more hydroxylated. It is unclear whether this new water could reach the interior of the tablet, just as it seems possible that gas impurities may no longer be able to reach the interior of the tablet owing to closed porosity. It should be noted, however, that the CO/H samples had the lowest density of any samples (approx. 82%), and thus may not have had a large degree of closed porosity, making rehydroxylation more possible than for denser materials. CNT loss in atmospheres with water explicitly added is more difficult to account for with certainty. It is unclear how much of the CNT loss was due to water and how much was due to impurities, as at some stage closed porosity probably prevented some white layer Figure 9 . SEM micrographs of (a) a white surface of a sintered tablet with a layer and (b) the white -black interface sintered at 10008C. The surface image shows holes remaining after CNT oxidation, while the interface image shows CNTs remaining in the black region and no CNTs present in the white region. The black region also shows less sintering than the white region. Scale bars, (a,b) 1 mm. 
Change in properties throughout tablet thickness
All atmospheres which contained either added water or the possibility of producing added water (i.e. contained both CO and H 2 ) resulted in samples with some degree of coating or layer. All 'dry' atmospheres, on the other hand, resulted in a uniform colour throughout. These observations led to a more in-depth study of these layers, the results of which can more fully explain the interaction between the material and the atmosphere. To examine if the properties of the tablet changed with depth, one 1 g tablet of HA and one 1 g tablet of composite were sintered in wet Ar according to the conditions described for the A/W atmosphere. This atmosphere was chosen as it produced a noticeable white layer but still a relatively high loading of CNTs in the interior. After sintering, the tablets, which were approximately 4 mm in thickness, were examined on the top surface and at 1, 2, 3 and 4 mm from the top surface with XRD and FTIR to create a thickness profile. The XRD and FTIR results revealed that the HA tablet remained phase pure and fairly well hydroxylated throughout its thickness. The composite tablet, on the other hand, remained phase pure and well hydroxylated on the outer surfaces, but completely dehydroxylated and decomposed in the interior.
To investigate if the thickness of the white layer changed with sample thickness, three composite tablets of different masses (0.5 g, 1.0 g and 1.5 g) were sintered at 12008C. Cross-sectional fracture of the tablets revealed that the white layer thickness did not depend on sample thickness, suggesting that the white layer is caused by oxidizing gas trying to pass into the tablet, and that it is a time-dependent reaction unrelated to material mass or geometry.
From all this information, it appears that at some stage the oxidation from water added to the atmosphere becomes more significant than oxidation owing to water formed during dehydroxylation, and CNTs more easily oxidize on the outer layer of the tablet. As CNTs tend to inhibit densification, eventually the outer layer becomes CNT free and nearly all open porosity is eliminated, effectively trapping the interior of the tablet from reaction with the sintering atmosphere. One of two things may happen at this point to cause a variation in phase composition and hydroxylation. Firstly, the entire sample may have already dehydroxylated, and only very slowly (owing to slow diffusion from the very low open porosity) are the outside layers rehydroxylated by the water in the sintering atmosphere. Secondly, it may be that the material has not completely dehydroxylated when the white layer forms. In this case, dehydroxylation may continue on the interior of the tablet and the resulting water would then oxidize CNTs. As it is very difficult for water to rehydroxylate the interior from the outside, the interior may fully dehydroxylate and then begin to decompose, while the exterior remains hydroxylated.
CONCLUSIONS
Choosing a sintering atmosphere for HA-CNT composites presents a dilemma, as CNTs oxidize at high temperatures, yet water is necessary to prevent dehydroxylation and decomposition of HA. Thus, the purpose of this study was to investigate a wide range of atmospheres that might enable both CNTs and OH groups to be retained while resulting in a material with high density. One of the considerations when selecting potential atmospheres was using carbon monoxide and/or hydrogen in the atmosphere to shift the equilibrium of the water -gas reaction to retain CNTs and water.
Dry atmospheres were found to retain more CNTs than those containing water, but also resulted in decomposed and dehydroxylated materials. Materials sintered in wet atmospheres (including CO/H-CO þ H 2 , which is expected to produce its own water) decomposed less than in dry atmospheres, or not at all, and were hydroxylated to some extent. However, wet atmospheres, particularly A/W (Ar þ H 2 O), resulted in a lightercoloured coating or layer, which was found to be undesirable owing to variations in the degree of sintering and composition throughout the tablet, which could also result in mechanical property deficiencies. CNT loss was found to result from reactive species in the atmosphere (impurities and water) as well as water produced from the dehydroxylation of HA, which then reacted with the CNTs. A tendency was found that samples with more CNTs had lower densities. Figure 10 . Change in partial pressures of gases with temperature for the water -gas reaction.
